Abstract. The photochemical system of the mesopause region is a nonlinear driven oscillator enforced by the diurnal-periodic solar radiation. Under idealized conditions this oscillator can display nonlinear effects such as period doubling cascades or chaos. We investigate what happens if this system is subjected to atmospheric diffusion. A highresolution one-dimensional chemical system of the mesopause region has been established in order to answer this question. Strong diffusion destroys nonlinear effects, but for the lower values of the diffusion coefficient which are still of the order of magnitude of real values, different nonlinear effects occur. The most important effect consisted of the creation of a 2-day subharmonic oscillation. Such a 2-day oscillation of the concentration of chemical active species entails a corresponding oscillation of the chemical heating rates which feeds back to the dynamics of this region. The zonal wind influences the period of the oscillation so that the periods differ from the exact 48-hour value by a few hours depending on the wind velocity and its direction. We call this phenomenon the photochemical Doppler effect.
Introduction
The mesopause region is one of the most interesting and most important regions of the upper atmosphere. Above this region, within the thermosphere, the variations caused by the alteration of the extraterrestrial solar shortwave spectrum (EUV and X ray) and particle precipitation dominate. Below this layer the meteorological influences predominantly determine variability. The mesopause is the transition region. Just under conditions of highest solar irradiance in summer the lowest natural temperatures in the atmosphere occur. On the basis of this low temperature, noctilucent clouds (NLCs) appear in high to mean latitudes in summer. They are connected with the phenomenon of the polar mesospheric summer echoes (PMSEs) of radar remote sensing [Nussbaumer et al., 1996] . In this region, different atmospheric waves, such as gravity or planetary waves, dissipate and contribute to the diabatic heat input. Simultaneously, the dissipation of waves causes the turbulence to grow strongly, and the eddy diffusion coefficient takes on maximum values. The eddy or turbulent diffusion is extraordinarily variable, both with time and space. Published values of the eddy diffusion coefficient vary by more than 1 order in magnitude (as in the work of Hocking [1990] ). The turbulent transport gives rise to a transport of active chemical species, like atomic oxygen, from the thermosphere into the mesopause region. Atomic oxygen is an efficient carrier of latent chemical energy which is converted into heat after its recombination into molecular oxygen. The chemical heating rates peak within the mesopause region and lead to adiabatic heat input comparable with other sources like dissipating grayCopyright 1999 by the American Geophysical Union.
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0148-0227/99/1999JD900785509.00 ity waves [Riese et al., 1994; Meriwether and Mlynczak, 1995; Sonnemann et al., , 1998 ].
Atomic hydrogen formed by photolysis of predominantly water vapor is, in contrast to atomic oxygen, usually transported upward and leaves the Earth atmosphere as hydrogen escape flux. At about 90 km and below, hydrogen is also transported downward. All influences cause a high variability of the temperature of the mesopause region which feeds back to the dynamics, and this in turn modulates the transport of chemically active species. The thermic regime, for example, the bistable behavior [von Zahn et al., 1996] of the mesopause height, has only been poorly understood thus far. The so-called 2-day wave of different atmospheric parameters like prevailing winds or the temperature are most marked in the domain of the mesopause. It was shown by Sonnemann and Feigin [1999] that the chemistry of the mesopause tends toward a nonlinear response. The chemistry can approximately be described as an odd oxygen-odd hydrogen system. Nonlinear response means that the system creates phenomena like bistable behavior (trigger solution), self-oscillation, subharmonics (i.e., oscillations with periods of an integer multiple of the fundamental period like, e.g., a 2-day wave) and chaos. Under very idealized conditions the occurrence of subharmonics and chaos [e.g., Fichtelmann and Sonnemann, 1992 [1998] showed that the essential components of the photochemical system (PCS) are atomic oxygen and atomic hydrogen. In order to reduce the chemical code they used a procedure which focused on the most important reactions, and they derived their so-called essential model which entails a nonlinear response similar to that of the original model. A similar procedure was discussed by Johnson et al. [1998] . From these results one can infer that neglected reactions, like those including nitrogen oxides, have only a minor influence on the behavior of the system. Other conditions and parameters such as the actual value of the temperature, the most recent values of the chemical reaction rates, the real amount of the dissociation rates, the number of daylight hours (meaning season and geographical position), and the concrete diurnal variation of the exciting radiation (if using a step function or the real diurnal variation) of course will shift the borders of the H20-control parameter range or the height range of the nonlinear response; but they usually do not prevent such a reaction if the parameters vary within their natural boundaries. We will discuss these problems in more detail later.
The water vapor concentrations, for which the nonlinear reactions were revealed, correspond to the natural concentrations in that they have low levels of ppmv, but they seem to be a little bit too high when compared with photochemical model [Parthasarathy, 1977] , have been discussed in the past. It is extremely difficult to measure H20 concentrations above 80 km, and the rate of error rises strongly with increasing height. Generally, higher water vapor concentrations have been found in the mesosphere in summer [e.g., Nedoluha et al., 1996] . This finding has been explained in terms of a stronger advective upward transport. There is also an indication of a semiannual cycle, especially at heights near 80 km which is the altitude of nonlinear response. The water vapor concentrations measured by means of microwave technique can exceed 3 ppmv at 80 km height. von Cossart et al. [1999] inferred from three-color observations of NLCs by means of ground-based lidar a mean water vapor concentration of 4.1 ppmv at about 83 km, which is also a relatively high value. Despite speculation about an enhanced water vapor concentration within the upper mesosphere-lower thermosphere, the basic question remains: is the nonlinear response of the photochemical system of the mesopause a real effect, meaning, does the phenomenon occur, at least temporarily, or is it only an interesting theoretical possibility? In addition, the question of in which height range a nonlinear response can theoretically appear at all is of importance. The question also arises as to which conditions prevent or perhaps even promote the occurrence of nonlinear effects.
Particularly the upper boundary values of the long-lived components atomic oxygen and atomic hydrogen can be strongly subjected to transport. Also, vertical wind can exert a considerable influence on the distribution of minor constituents. However, the strongest probable impact on the system behavior is diffusion. Subjection of the nonlinear behavior of the mesopause photochemistry to diffusion as well as possible appearances of this behavior under real atmospheric conditions are discussed in this paper. 
Model Description

Consideration of Diffusion, the Onion Bifurcation
Normally, diffusion entails the tendency to destroy structures. This is a consequence of the second law of thermody- 3a-3d) . Surprisingly, for lower diffusion the dynamics become nonchaotic again (as in Figures 3e and  3f) . Lowering the diffusion coefficient further (Figures 3g and  3h) , subtle but also different catastrophic bifurcations occur yet again, and a transition to chaos begins. The transition from the period 1 oscillation for strong diffusion into a period 2 oscillation around K = 1.2 l0 s cm 2 s -1 takes place by a catastrophic bifurcation in this case (not shown in Figure 3 ). Evidently, a period 2 oscillation is still maintained for diffusion coefficients corresponding to low values of the real atmosphere.
Possible Perturbations and Related Transient Behavior
A system which needs 100 days or more in order to approach a limit behavior cannot approximately reach its limit state in the atmosphere in reality. ]. It will also occur if the final behavior approaches a subharmonic limit cycle. After a perturbation, the response of the system often consists of an oscillating approach of the new state. This is especially true near the region of nonlinear response also under the influence of diffusion. Strong diffusion destroys a subharmonic or chaotic response of the system. Being in a limit cycle of the fundamental mode of a system which is subjected to strong diffusion and disturbing it, for example, by a drastic change of Jn2o, the system reaches its new limit state via a transient attenuating period 2 oscillation around the region of nonlinear response without consideration of diffusion. 
Photochemical Doppler Effect
Now we assume that a larger coherent air mass is in the same photochemical regime, for example, it is in the subharmonic regime of period 2 without phase shift. This air mass moves in a zonal direction either with or counter to the Earth's rotation.
That means an air parcel reaches the same local time condition again earlier or later than 1 day. The period for this air parcel is effectively shorter or longer than 1 day. The influence of such an exciting mechanism has not been considered in literature thus far. In the region below the mesopause there is an additional periodic excitation with a period of 2 days under favorable conditions such as low turbulence. Such periodic pumping could be able to modulate the vertical wind which itself modulates the transport of chemically active species from the thermosphere into the mesopause region. The necessity of a modulated vertical transport of atomic oxygen was pointed out by Ward et al. [1997] . This conclusion was inferred from a 2-day wave-induced variation in the oxygen green line volume emission rate above 90 km where the chemical lifetime of atomic oxygen is too large in order to create a chemically induced 2-day wave.
As the
The periodic downward transport of atomic oxygen could (resonantly) amplify or trigger the pumping effect. Below about the concentration peak of atomic oxygen around 95 km, the very strong heat-producing reaction O + O + M -• 02 + M acts. There is, of course, a phase delay between influx of atomic oxygen and heat response, but there would also be a time delay between excitation below the mesopause and modulation of the vertical wind 10 km above. Whether there is such a mechanism of 2-day wave excitation or not cannot be deduced from these simple imaginations. Calculations will be necessary to prove this on the basis of three-dimensional interactively operating models of dynamic and chemistry of this height region. Such a complex model is not available at present.
Conclusions and Summary
The inclusion of diffusion into the PCS of the mesopause region represents a first step to model real nonlinear atmospheric conditions. Generally, high diffusion coefficients destroy all nonlinear effects which appear under nondiffusion conditions. Within the height range of appearing nonlinear effects the real eddy diffusion coefficient may have a scatter of values ranging between about 105 and 10 6 cm 2 s-1. However, Labken [1997] The most important conclusion from a 2-day oscillation of the chemical constituents near the region below the mesopause
